The neuropathology associated with cognitive decline in military personnel exposed to traumatic brain injury (TBI) and chronic stress is incompletely understood. Few studies have examined clinicopathologic correlations between phosphorylated-tau neurofibrillary tangles, b-amyloid neuritic plaques, neuroinflammation, or white matter (WM) lesions, and neuropsychiatric disorders in veterans. We describe clinicopathologic findings in 4 military veterans with early-onset dementia (EOD) who had varying histories of blunt-and blast-TBI, cognitive decline, behavioral abnormalities, post-traumatic stress disorder, suicidal ideation, and suicide. We found that pathologic lesions in these military-EOD cases could not be categorized as classic Alzheimer's disease (AD), chronic traumatic encephalopathy, traumatic axonal injury, or other wellcharacterized clinicopathologic entities. Rather, we observed a mixture of polypathology with unusual patterns compared with pathologies found in AD or other dementias. Also, ultrahigh resolution ex vivo MRI in 2 of these 4 brains revealed unusual patterns of periventricular WM injury. These findings suggest that military-EOD cases are associated with atypical combinations of brain lesions and distribution rarely seen in nonmilitary populations. Future prospective studies that acquire neuropsychiatric data before and after deployments, as well as genetic and environmental exposure data, are needed to further elucidate clinicopathologic correlations in military-EOD.
Project. None of the authors has a conflicting financial interest. Dr Fischl has financial interest in CorticoMetrics, a company whose medical pursuits focus on brain imaging and measurement technologies. His interests were reviewed and are managed by Massachusetts General Hospital and Partners HealthCare in accordance with their conflict of interest policies. Supplementary Data can be found at academic.oup.com/jnen.
INTRODUCTION
Military personnel who develop early-onset dementia (EOD), or early cognitive decline associated with behavioral changes, may present with atypical neurologic and psychiatric phenotypes due to combat exposures to blunt-and blasttraumatic brain injury (TBI) in the context of chronic psychologic stress. Moreover, chronic physical and psychologic stress during intensive military training might represent potential risk factors for early or accelerated cognitive decline or behavioral abnormalities. Civilian populations may similarly be at a higher risk for EOD or accelerated cognitive/behavioral decline if exposed to comparable levels of chronic psychologic stress and TBI.
A key question in neuropathologic studies of EOD in war veterans with a history of TBI and battlefield stress is whether there are specific molecular changes and histopathologic patterns that are distinct from those observed in other cognitive and behavioral disorders such as Alzheimer's disease (AD), frontotemporal dementia (FTD), dementia with Lewy bodies, and chronic traumatic encephalopathy (CTE). Moreover, it remains to be determined whether the pathophysiologic processes underlying EOD in military personnel exposed to combat-TBI and chronic stress are implicated in the pathogenesis of psychiatric manifestations such as post-traumatic stress disorder (PTSD), personality changes, and suicidal ideation (1) (2) (3) .
Here, we describe clinical, cognitive, behavioral, neuroimaging, genetic, and neuropathologic data in 4 military veterans with EOD. The goal of this preliminary investigation was to perform a cliniconeuropathologic characterization of the distribution of brain pathologies across 15 regions of the cerebral hemispheres and brainstem in these military-EOD cases. We used a comprehensive panel of antibodies to identify different types of brain pathologies, including typical neurodegenerative lesions (e.g. hyperphosphorylated-tau tangles [pTau], b-amyloid neuritic plaques [bA-NP], a-synuclein [asyn]-positive Lewy bodies), astrogliosis, microglial activation, white matter (WM) abnormalities, and vascular lesions. We also performed ex vivo ultrahigh resolution MRI for 2 of the cases to complement the histopathologic analysis. We demonstrate that military-EOD cases can result in uncommon combinations and distributions of brain lesions, which are associated with unusual neuropsychiatric features compared with nonmilitary age-matched subjects. These neuropsychiatric features include early-onset cognitive decline and non-AD dementias that may be associated with combat-PTSD, severe behavioral changes, suicidal ideation, and suicide, as documented in the 4 military-EOD cases described here.
Clinical History
We present the clinical histories of a series of 4 military-EOD subjects whose brains were consecutively received as donations for our military brain tissue repository (BTR) (https://www.researchbraininjury.org). Case 1 The main clinical, cognitive, and neuropathologic features of this subject have been previously described (4) . However, in the present study, we extend the neuropathologic analyses of this brain by including new aspects not previously described. Briefly, the patient was a retired military officer with no family history of neuropsychiatric diseases. He had a mild TBI with brief loss of consciousness (LOC) during combat training in his second decade of life. At age 46, he experienced a second TBI due to a motor vehicle accident with LOC of unknown duration. A head computed tomography (CT) scan was negative for intracranial abnormalities. He was hospitalized for 12 days and had post-traumatic amnesia for 18 days.
One month postinjury, he continued to experience cognitive impairment and a brain MRI showed a focus of increased signal intensity in the left periventricular WM. Over the next 18 months, he made a near-complete cognitive recovery except for persistent dysnomia, irritability, and diminished short-term memory. Twenty-one months after injury, he performed average on a comprehensive neuropsychologic examination, but mild deficits in graphomotor skills and working memory persisted. At age 51, he retired from the military and worked in the private sector until the age 59, when he began to complain of fatigue and memory difficulties. He experienced depression, irritability, agitation, fatigability, deficits of memory, visuospatial, calculations, executive functions, and had recurrent episodes of hyperventilation with confusion not associated with epileptiform activity. At age 63, he recalled 0/3 items at 5 minutes and scored 20/30 on the Mini-Mental State Examination (MMSE). At age 67, his MMSE decreased to 11/ 30. A brain MRI at age 67 showed global volume loss and multifocal hyperintense signals in the subcortical and periventricular WM with no change from prior scans. His agitation increased and included public outbursts of violence requiring intervention. He was moved to a secure nursing facility for his safety and care. He died at age 72 with a diagnosis of severe dementia (not otherwise specified), 25 years after his last TBI, and 12 years after his cognitive decline was clinically assessed. During his progressive neurocognitive decline, he was variably diagnosed with "TBI-related FTD", probable AD, or "cortical dementia".
Case 2
The subject joined the Marines Corps at age 17 and deployed to Vietnam in 1968, where he reported a blunt-TBI without LOC. This event was described by the family as a major head trauma. His medical history was also notable for chronic heavy smoking and alcohol abuse (40 years), pulmonary emphysema, and hypertension. He had no family history of major neurologic or psychiatric diseases.
At age 59, he suffered a fall causing right scapula and rib fractures (TBI or LOC was not reported). At age 60, the subject carried a diagnosis of depression without psychosis by Veterans Affairs (VA) psychiatrists. At age 65, he suffered multiple episodes of "ministrokes" (neuroimaging not available) and stopped smoking. Family members reported that he frequently had nightmares, especially during the last 2-3 years of his life, as well as memory difficulties. When questioned by family members about his nightmares, the patient preferred to avoid talking about them. No sleep disorders (e.g. sleepwalking or REM sleep behavioral disorder) were reported in this subject or in his family. Cognitive decline and behavioral disorders were assessed multiple times at his local VA medical center. The subject never received a diagnosis of possible or probable AD (5) and he was diagnosed as having early cognitive decline associated with possible PTSD, psychiatric abnormalities, and alcoholism.
A week before committing suicide (age 66), he awakened his mother at 3 AM to tell her that "he killed a kid in Vietnam but that he was ordered and he didn't want to, and that he could not sleep since this episode was bothering him". The day he committed suicide, he informed his family that "he was told by the VA that he killed 22 people when he was in Vietnam but that they were wrong and he did not do it and that for that reason he was going to kill himself". After this call, he attempted suicide by hanging himself and, when found, he was transported to the local emergency department for resuscitation. A CT scan of the head was performed and was notable for the absence of acute lesions or edema and preservation of grey-WM differentiation. Mild generalized volume loss was observed along with chronic lacunar infarcts and subcortical hypodensities consistent with chronic microangiopathic changes. After a series of resuscitation procedures for more than 30 minutes, the patient continued to decline and he was declared dead 4 hours after his arrival at the emergency department.
Case 3
The subject joined the British Army at age 18 and deployed in Northern Ireland (1980), Sierra Leone (1991), and Bosnia (1993) . He experienced at least 3 life-threatening attacks with explosives. In 1980, he reported having been exposed to blasts with resulting shrapnel wounds to his legs. Additional TBIs occurred during the Balkans conflict in 1993 when his armored vehicle was damaged by a roadside bomb. No LOC or post-traumatic amnesia were reported. During conflicts he was exposed to the corpses of murdered women and children, witnessed the death of his interpreter killed next to him, civilian rape in orphanages, and tortures. No family history of major neurologic or psychiatric diseases were reported.
At age 52, his wife reported that he was having significant memory difficulties. At age 57, he experienced further cognitive decline with "patchy" memory and problems with time orientation, speech, reading, writing, attention, spatial awareness, and anger outbursts. At age 59, he experienced dissociative episodes "acting as if he was in another environment and situation, and states of high emotional arousal, agitation, aggression and distress". The same year, he was diagnosed with PTSD by a psychiatrist. He was then referred to the local mental health services where he was diagnosed with probable mixed Alzheimer/vascular dementia. Neuropsychologic testing confirmed severe impairment of memory, word finding, frontal lobe functioning, visuospatial, and object perception.
At age 60, a military psychiatrist reported: "The subject was able to describe incidents in Bosnia and Sierra Leone. He struggles with the incident of the rape of children in Bosnia which caused him much guilt and shame. He tends to ruminate over these experiences and was distressed talking about them. The ruminations that he re-experiences seem to have been released by his cognitive decline. Problems with his memoryfor example he couldn't remember his service number-or much of his military career. It is unclear whether he had true intrusive thoughts or how the traumatic memories were manifest in his current cognitive situation". A brain MRI showed WM changes, enlarged lateral ventricles, reduced hippocampal volumes, and marked bilateral cortical atrophy with loss of volume in the parietal and occipital lobes.
At age 61, he was admitted to a psychiatric hospital (UK), with a diagnosis of "anxiety and depressive disorder, cognitive impairment, possible diagnosis of postconcussional syndrome and atypical PTSD". After discharge from the hospital he became very irritable, going to a neighbor's house and saying that his wife was drug-dealing in the house. He used to grab and push his wife down into a chair, have his hands around her throat, then stop and run away. He often went to a neighbor's house who brought him back, but upon returning home, he would again attack his wife and try to strangle and hit her. During another of these episodes, he suddenly ripped the computer from the cables and stamped on it saying "I know what I'm doing". After these episodes, he received a diagnosis of "pseudodementia", as referred by a dementia specialist who concluded that he most likely had AD with PTSD.
At age 62, he and his wife went to Greece where the subject disappeared for 24 hours. He was found by the Greek military many miles from where he was last seen, having traveled on foot overnight through very rough terrain and when found, he was confused. After 2 months, he went missing again from home and was found 8 hours later, wet and confused, saying that he was expecting to be put in a truck to go back to camp. At age 64, he was admitted under a medical hold following another attempt to strangle his wife, and there were a number of incidents reported in which he pushed care workers trying to help him. After a few months, the subject was admitted to a general hospital with a high temperature and stomach cramps where he was diagnosed with a perforated bowel. Reparative surgery was performed but the subject died postoperatively.
Case 4
The subject, a Vietnam War veteran, died at age 63 with a diagnosis of probable FTD (6) , which had been diagnosed at age 50. The diagnosis of probable FTD was based on episodes of spatial disorientation and socially inappropriate behaviors. After returning from the war, family members reported that he acted "weird" and he was not "like before". His medical history was characterized by a motor vehicle accident at age 37 for which he was hospitalized for 1 week and discharged with a diagnosis of moderate TBI with LOC (during the postmortem interview with his family members, his son, and daughter suspected that this motor vehicle accident could have been his first episode of attempted suicide). At age 38, the subject retired from active duty service and ran a private business until age 51. At age 38, there was a suicide attempt, which was witnessed by his daughter. After this last suicide attempt, the family recognized that the subject abused alcohol on a daily basis. Around age 40, the patient started to suffer episodes of memory loss. The cognitive impairment was progressive and he was moved to an assisted living center at age 55. From age 58 until his death he became progressively aphasic but still capable of self-feeding until the age of 61.
No family history of dementia or other major neurologic or psychiatric conditions, blast exposure, single or repetitive TBI episodes, or contact sports practices were reported in his medical records. An interview with his daughter and son confirmed that the subject was experiencing spatial disorientation for at least 16 years before death. Both daughter and son confirmed the absence of other family members affected by any genetic, neurologic, or psychiatric disorders.
MATERIALS AND METHODS
Whole formalin-fixed brains from these 4 male military veterans who had sustained nonblast or blast-TBI in early-mid adulthood were consecutively received as part of our brain donation program and stored in our brain bank (http://www. researchbraininjury.org) for neuropathologic assessment and research studies. All 4 veterans were clinically diagnosed with early cognitive decline and psychiatric disorders between their fifth and sixth decade of life. All subjects had a history of military life plus at least 2 of the following: Impact-TBI or blast-TBI, life-threatening war experiences, exposure to highly stressful military settings including training and deployments in war zones. Subjects occupied different levels of the military hierarchy. Table 1 summarizes the relevant demographic, neurologic, psychiatric, APOE genotype, and TBI history for each case.
For each brain, the decedents' next-of-kin or legal representative provided an institutional IRB-approved written consent to donate the specimen for diagnostic and research purposes. Three brains (Cases 1-3) are part of the BTR and Neuropathology Core, CNRM (https://www.usuhs.edu/cnrm), Uniformed Services University (USU), Bethesda, Maryland. Case 4 is part of the Chronic Effects of Neurotrauma Consortium (CENC) (https://www.cencstudy.org) brain collection stored at BTR on behalf of the Department of Pathology, F. Edward H ebert School of Medicine, Bethesda, Maryland. The external macroscopic appearances and a limited set of clinical data of these 4 military-EOD brains are shown in Figure 1 .
Ex Vivo MRI Acquisition and Processing
For 2 of 4 cases studied (Cases 1 and 3), we performed ex vivo ultrahigh resolution MRI on the formalin-fixed brains. The ex vivo MRI image acquisitions were performed at the Athinoula A. Martinos Center for Biomedical Imaging, Bos-ton, Massachusetts (https://www.nmr.mgh.harvard.edu). The ex vivo MRI protocol included a 7-Tesla scan ($18.5 hours) that utilized a multiecho FLASH (MEF) sequence acquired with different flip angles at 200 mm spatial resolution. Acquisition parameters and data processing procedures for the 7-Tesla ex vivo MEF sequence have been previously described (7) . Upon completion of data processing, parameter maps (T1, T2*, and proton density) computed from the MEF dataset were analyzed for pathoanatomic lesions, which were then correlated with histopathologic data. No in vivo MRI images were available for 3 of the 4 cases described.
Neuropathology Assessment and Procedures
Brains were immersed in 10% buffered formalin for tissue fixation for 3-5 weeks. At gross examination, each brain was assessed to identify externally visible macroscopic lesions or abnormalities. A symmetric brain cutting procedure was applied to all 4 specimens (8). To keep consistency across all brain cuttings, a human-adapted 3D printed brain mold cutter was employed (9) . For each brain, 15 regions from the left and right cerebral hemisphere and brainstem were sampled, resulting in a total of 30 regions/tissue blocks for each brain.
The sampled regions from each hemisphere were olfactory bulb (OB), middle frontal gyrus (MFG), orbito-frontal gyrus/gyrus rectus (OFG), middle temporal cortex (MTC), anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), anterior insular cortex (AInsC), occipital cortex (BA17 and 18) (OC), amygdala (AMY), basal ganglia (BGMY), mammillary bodies þ hypothalamus (MAMþHYPO), posterior hippocampus (at CGL) including entorhinal cortex and inf. temp cortex (PHþECþITC), mesencephalon (including substantia nigra) (MESSN), pons (including locus coeruleus) (PONS), medulla oblongata (including dorsal motor of Vagus) (MObl).
Histology and Immunohistochemistry Procedures
All 30 tissue blocks from each brain were uniformly processed using an automated tissue processor (ASP 6025, Leica Biosystems, Nussloch, Germany). After tissue processing, each tissue block was embedded in paraffin and cut in a series of 20 5-mm-thick consecutive sections. The first 3 sections were selected for hematoxylin and eosin (H&E), Luxol fast blue (LFB), and cresyl violet stains, while the remaining sections were available for immunohistochemistry procedures. Immunohistochemistry procedures for each antibody on all dissected brain regions were performed using a Leica Bond III automated immunostainer with a diaminobenzidine chromogen detection system (DS9800, Leica Biosystems, Buffalo Grove, IL). The following antibodies were used: antiphosphorylated tau (pTau) (AT8, mouse antihuman monoclonal antibody, dilution 1:2000 epitope retrieval time 10 minutes, MN1020; ThermoScientific, Waltham, MA); antiphosphorylated tau (CP13, mouse antihuman monoclonal antibody, dilution 1: 2000, epitope retrieval time 10 minutes; this antibody was kindly donated by Dr Peter Davies, Albert Einstein College of Medicine, New York, NY); all-forms tau All stained sections were scanned by Aperio scanner system (Aperio AT2 -High Volume, Digital whole slide scanning scanner, Leica Biosystems, Inc., Richmond, IL) and stored in Biolucida, a hub for 2D and 3D image data (version 2017, MBF Bioscience, Williston, VT), for further assessment and analyses. A preliminary neuropathologic assessment for each section was performed using Aperio ImageScope (Aperio ImageScope, version 2016, Leica Biosystems, Inc.) to verify the positive immunoreactivity for each antibody as well as localization and pathologic severity, to identify possible differences between left and right hemispheres in each brain, and across all 4 brains. After a preliminary ImageScope inspection (max 20Â), a Zeiss Imager A2 (ImagerA2 microscope, Zeiss, Munich, Germany) bright-field microscope with higher magnification lenses (Â40, Â63 oil-immersion) was used to identify and photograph histologic and pathologic details as needed.
RESULTS
Gross and main neuropathologic diagnoses are summarized in Table 2 . Detailed neuropathologic findings are separately described for each case as follows and summarized in Tables 3-5 and Supplementary Data Tables S1-S3 .
Neuropathology Assessment
Vascular pathology for all cases is summarized in Table 3 . were frequently observed across all examined regions of the brain (see Tables 4 and 5 , respectively). Additionally, both pTau and b-amyloid lesions showed a bihemispheric symmetrical distribution across the examined regions. A more detailed assessment for pTau immunoreactivity using AT8, CP13, and HT7 antibodies showed that pTau levels of severity and distri- bution could vary across the same anatomical region. In fact, while both AT8 and CP13 showed comparable levels of immunoreactivity in the right parietal cortex (Fig. 2 , upper row) with pTau lesions localized in either deeper (AD pathologylike) and more superficial (CTE-like) cortical layers (10), immunoreactivity to HT7 was positive mainly where pTau CTElike lesions were found (Fig. 2 , upper row, AT8, CP13, HT7). Additionally, anti-Ubiq stain evidenced different levels of immunoreactivity between AD-like versus CTE-like pTau pathology with much more Ubiq-positive lesions (e.g. neurites) associated with AD-like pTau lesions (Fig. 2 , middle row, Ubiq). Moreover, GFAP stain showed a much more intense reactivity when colocalized with CTE-like pTau than AD-like lesions (Fig. 2 , middle row, GFAP). The LFB stain showed areas of myelin loss across multiple regions such as middle and inferior temporal cortex and hippocampal area with marked perivascular space enlargements (Fig. 2 , lower row, LFB). CD68, APP, a-syn, and TDP43 immunoreactivity did not show any evidence of traumatic axonal injury (TAI) or intracellular pathology (e.g. Lewy bodies, TDP43 intraneuronal inclusions), or recent ischemic damage. Based on the NIA-AA neuropathologic guidelines for the assessment of AD (11), the level of AD neuropathologic changes was high with an ABC score equal to A3B3C3. However, the distribution and amount of Tau-pathology was not typical for "classic" definite AD (e.g. pTau-NFT mainly distributed in the deeper layers of the cortex versus the most superficial layers usually observed in AD, even advanced AD cases). In summary, this subject was diagnosed with dementia with atypical pTau and b-amyloid pathology distribution mixed with isolated CTE lesions and focal WM loss (10).
Case 2
The brain was positive for diffuse and cored 1-42 bAplaques and pTau lesions across all different examined cerebral regions. Levels of severity and frequencies are described in Tables 4 and 5 . In particular, isolated CTE lesions were found in the left and right OFG, left MTC, and left ACC (Table 4). Apart from the CTE lesions, the comparison between pTau lesions detected using AT8 versus CP13 did not distinguish any consistent differences either in terms of severity across all examined regions in each hemisphere or between the 2 hemispheres (Table 4 ; Fig. 3 ). In contrast, HT7 immunoreactivity was positive in the deeper cortical layers. In addition, frequent pTau-glia cells of fuzzy type in the WM and gray matter (GM) as per aging-related tau astrogliopathy (ARTAG) were observed (12) . An ARTAG pathology did not show any specific predilection for a specific cortical layer in the GM of any examined region. Intriguingly, while HT7stained cells were positive in both GM and WM (although with lower immunoreactivity in comparison to AT8 and CP13) across multiple regions, they were positive in the deeper cortical layers. Isolated CTE lesions were present in the OFG of both hemispheres and ACC in the left hemisphere only (Fig. 3) . Moreover, anti-Ubiq immunoreactivity showed severe immunoreactivity in the WM versus GM. No Ubiq intraneuronal inclusions were found in the areas with CTE. No The table summarizes the main neuropathologic data of each EOD case analyzed in this study. BW, brain weight (in grams); PMI, postmortem interval (in hours); AD-pathology, Alzheimer's disease pathology; PART, primary aging-related tauopathy; ARTAG, aging-related tau astrogliopathy; CTE, chronic traumatic encephalopathy; LFB, Luxol fast blue stain; GFAP, antiglial fibrillary acidic protein antibody; Iba-1, anti-ionized calcium binding adaptor molecule 1 antibody; SNc, substantia nigra pars compacta; LC, locus coeruleus. LB pathology, TDP43, or p62 intraneuronal inclusions were detected. The GFAP and Iba-1 immunoreactivity showed variable levels of astrocytic reactivity and microglial response (based on astrocytic and microglia cells nuclear changes rather than an increased cell number). Both GFAP and Iba-1 immunoreactivity were overlapping with pTau and b-amyloid pathology. An APP stain did not show TAI in any examined region of both hemispheres. For details on APP findings, see Supplementary Data Table S3 . Based on the NIA-AA neuropathologic guidelines for the assessment of AD (11), the level of AD neuropathologic changes was intermediate with an ABC score equal to A2B3C3.
Case 3
The brain of this subject was positive for 1-42 bA-plaques, which were mainly diffuse and, more rarely, cored plaques ( Fig. 4) , as well as pTau lesions across almost all examined brain regions (Tables 4 and 5 ). The comparison between pTau lesions detected using AT8 versus CP13 did not distinguish consistent differences in terms of pTau pathology severity, histologic distribution, or type of lesion in any of the examined regions of each hemisphere, or between the 2 hemispheres (Table 4) . No ARTAG or other co-occurring pathologies such as a-syn-positive lesions or TDP43 intraneuronal inclusions (as for behavioral variant of FTD [bvFTD]) were detected (12) . The GFAP and Iba-1 immunoreactivity showed variable levels of astrocytic and microglial reactivity mainly overlapping with b-amyloid and pTau lesions distribution. An APP stain did not show any TAI as per recent acute TBI event (for details, see Tables 3-5; Supplementary Data Tables S1-S3 ).
Based on the NIA-AA neuropathologic guidelines for the assessment of AD (11), the level of AD neuropathologic changes was high with an ABC score equal to A3B3C3. Of note, the subject was evaluated by multiple neurologists and psychiatrists and he never received a firm diagnosis of possible or probable AD (5) , mainly due to the atypical aspects of cognitive manifestations and psychiatric symptomatology, which included a diagnosis of PTSD, multiple episodes of violence and social disinhibition that might have masked or confounded the subjacent AD pathology and its cognitive outcomes. It is striking to observe such a severe level of b-amyloid and pTau pathology across so many cerebral regions in a relatively young subject in the absence of a known genetic mutation or family risk factor such as APOE4 allele, for example.
Case 4
The brain of this subject was negative for 1-42 bA-plaques (Table 5 ). In contrast, this brain showed severe levels of pTau lesions across nearly all examined regions (Table 4 ; Fig. 5 ). The comparison between pTau pathology detected using AT8 versus CP13 did not distinguish consistent differences in terms of pTau lesion severity, histologic distribution, or type of lesion in any of the examined regions of each hemisphere, or between the 2 cerebral hemispheres. pTau lesions in the hippocampus were characteristic for Pick bodies (Fig. 6 ).
In addition, pTau lesions were present in the glial cells of the WM in almost all regions except in the occipital cortex, which is now classified as diffuse ARTAG pathology (12) . No other co-occurring pathologies such as a-syn lesions or TDP43 intraneuronal inclusions were detected. GFAP and Iba-1 immunoreactivity showed variable levels of astrocytic and microglial reactivity mainly overlapping with b-amyloid and pTau lesions. An APP stain did not show any TAI as per recent TBI event (for details, see Tables 3-5; Supplementary Data  Tables S1-S3 ). Based on the NIA-AA neuropathologic guidelines for the assessment of AD (11) , the level of AD neuropathologic changes was low with an ABC score equal to A0B3C0. We also hypothesized that the chronic abuse of alcohol for $40 years could have severely contributed to the neuropathology (pTau pathology) of this subject, as previously hypothesized (13) .
Ex Vivo MRI
Analysis of the ex vivo 7-Tesla MEF data revealed structural abnormalities shared by Cases 1 and 3: Thinning of the corpus callosum, rarefaction of the parietal WM, and hippocampal atrophy (Figs. 7 and 8, Case 1; Fig. 9 , Case 3). All of these findings were more prominent in Case 1. These large periventricular WM lesions are challenging to visualize in to-tality using histologic methods unless specifically investigated. Although it is not possible to make generalizations about WM lesions in military-EOD from these 2 cases, the ex vivo MRI data are hypothesis-generating for future studies of periventricular WM injury as a potential feature of military-EOD. These WM lesions may be more conspicuous using ultrahigh resolution ex vivo MRI scans, which can be performed over much longer periods of time than in vivo MRI scans. Unfortunately, in vivo MRI data from these 2 subjects were not available for ante and postmortem comparative analyses.
DISCUSSION
We report on 4 rare cases of EOD in military veterans who experienced TBI, combat stress, and life-threatening situations during different periods of their life. Neuropathologic lesions observed in these military-EOD cases were atypical, particularly with respect to their variable combinations. None of the examined cases could be clinically categorized as typical AD, bvFTD, dementia with Lewy bodies or other welldefined neuro-psychiatric illnesses. Rather, all shared a common neuropathologic feature, the abundant accumulation of pTau across different brain regions representing the prevalent brain pathology when compared, for example, to the extracellular accumulation of b-amyloid. Moreover, no Lewy bodies or TPD43-positive lesions were observed. In addition, except for Case 2, a possible contribution of vascular pathology was excluded. The distribution and burden of pTau pathology in these veterans with EOD, together with variable levels of astroglial activation and microglial response, as well as WM lesions (in 2 of 4 cases), suggest that atypical histopathologic patterns, or combination of them, may be associated with neuropsychiatric disorders in military subjects exposed to combat-TBI. Specifically, the pTau lesions were localized in the frontal cortex (Case 3) and hippocampus (Case 4), which could be associated with behavioral abnormalities and memory deficits manifested in 2 those subjects, respectively. In Case 2, the pTau lesions and neuroinflammatory response in the raphe nuclei and locus coeruleus (pons) (14) could explain the major mood and depressive disorders reported in that subject.
Military Case#2: Symmetric Bi-Hemispheric Brain Pathology Evidenced by anƟ-pTau, -GFAP,-iba-1, and -Ubiq AnƟbodies
It is also notable that the mean age of onset for cognitive and behavioral decline was 52.5 6 5.2 years. The burden of histopathologic lesions (especially pTau pathology) found in these brains appears to be even greater than those found in genetically determined EOD cases (15) (16) (17) . This observation suggests that other factors such as genetic predisposition or unrecognized environmental factors could be involved in the pathogenesis of the neuropathologic lesions found in these military-EOD cases. The possibility of a genetic contribution to EOD pathogenesis cannot be ruled out based on the absence of clinical and family history of genetic disorders in this cohort of 4 subjects.
The main limitation of this study is the small number of cases analyzed. Nevertheless, we provide evidence that the neuropathology of EOD in veterans with a history of TBI and chronic stress differs from that of dementias following nonmilitary TBI or contact sports TBI (i.e. CTE) cases. It is also important to consider that despite recent concerns about brain health in military personnel with combat-TBI, systematic clinicopathologic studies of military-EOD cases are rare. Importantly, while the histopathologic and ex vivo MRI findings reported here may be particularly relevant to cognitive deficits and neuropsychiatric syndromes observed in veterans of Operation Enduring Freedom (OEF), Operation Iraqi Freedom (OIF), and Operation New Dawn (OND) (18-20), these findings may also be relevant to civilian populations exposed to TBI and chronic stress in war zones.
One of the possible pathophysiologic explanations for the unusual cognitive, behavioral, and neuropathologic findings observed in veterans of recent Middle East conflicts could be the use of more effective body protection systems. On the one hand, they reduce combat mortality rates (21, 22) , but, on the other hand, may have led to longer-term effects on different organ systems, including the brain. As a result, an increased number of "rarely observed" neurologic and psychiatric sequelae among war veterans has now been described (23-25). Among the "newer" neuropsychiatric phenomena observed in OEF/OIF/OND veterans, there is a higher incidence of suicidal ideation and completed suicide, as well as persistent combat-PTSD, and pervasive changes in personality that profoundly affect the lives of veterans and their families (26, 27) . We could not directly relate any of these events (e.g. suicide) to a specific brain region or brain pathology, but we speculate that the variable combination and accumulation of neuroinflammation, WM lesions, and cortical lesions could contribute to the neuropsychiatric illnesses that ultimately led to suicide (28, 29) .
Military Case#4: pTau pathology (Pick bodies) in the Posterior Hippocampus of a Subject with History of EOD and Suicide
As a newer approach for analyzing these complex military-EOD TBI brains, we combined ex vivo 7 Tesla MRI analyses with postmortem histopathologic analyses when possible. We developed this approach to provide pathophysiologic information that could guide and complement brain autopsy procedures before brain dissections (30) . In the current study, ex vivo MRI data (available for Cases 1 and 3) provided a 3D view of regional atrophy patterns. The ex vivo MRI data also revealed an unusual pattern of parietal periventricular WM pathology in the absence of obvious diffuse vascular lesions or DAI lesions. Importantly, these imaging observations would have not been appreciated using standard 2D histopathologic analyses. Thus, ex vivo MRI may indeed play an important role in identifying pathologic lesions before a brain dissection, especially in unusual neurologic and psychiatric disorders.
An important limitation of this study is the retrospective nature of its analyses. We cannot establish a mechanistic link between the combat exposures, neuropsychiatric symptoms, and brain lesions observed in these 4 veterans. However, these data are consistent with previous studies showing that chronic stress is a risk factor for AD, and dementia more generally (31, 32) . We consider these new clinicopathologic findings in military-EOD cases to be hypothesis-generating for future studies about the relationships between brain polypathology and neuropsychiatric manifestations in military as well as civilian populations exposed to combat-TBI. Our findings will need to be confirmed by longitudinal studies of pathogenetic interactions among chronic psychologic stress, combat-TBI (including blast-TBI), and blunt-TBI (33, 34) . While the described clinicopathologic correlations may not be exclusive to war veterans, the neuropsychiatric manifestations in these 4 veterans with EOD appear to be associated with atypical neuropathologic lesions and ex vivo MRI features that differ from those typically seen in populations not exposed to military or battlefield TBI (35) (36) (37) .
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